ABSTRACT
INTRODUCTION
Random mutagenesis is a powerful means in directed evolution for generating molecular diversity and for identifying improved variants by functional screening. When producing a mutant library, successful ligation of mutated gene fragments to a recipient vector is crucial to make screening less tedious and to eliminate false positives and false negatives. The ligation reaction requires careful optimization of the ratio and concentrations of insert and vector. Even then, the resultant plasmid library is often contaminated with unwanted plasmids that carry no or multiple inserts. Therefore, it is worthwhile to develop a cloning method whereby each plasmid carries a single insert. We accomplished this by modifying the protocol of the QuikChange  site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) (9) . The original protocol involves whole plasmid PCR in which complementary oligonucleotide primers (between 25 and 45 bases) replace a specific region of a template sequence. In our protocol (Figure 1 ), instead of using oligoprimers, the DNA fragment to be cloned, which comprised hundreds of nucleotides, was used as a megaprimer (2) to replace a homologous region in the template plasmid. After running the whole plasmid PCR, the mixture was treated with a dam-methylated DNAspecific restriction enzyme DpnI to eliminate the template plasmid. The resultant mixture was introduced into E. coli. Screening revealed that the library was virtually free from contamination by species either without any inserts or with multiple inserts. Our new protocol, designated MEGAWHOP (megaprimer PCR of whole plasmid), is ideal for creating large random mutagenesis libraries.
MATERIALS AND METHODS

PCR
Non-mutagenic (standard) PCR was carried out in 20 mM Tris-HCl, pH 8.8, 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 2 mM MgSO 4 , 0.1% Triton ® X-100, 0.1 mg/mL BSA, 0.2 mM each dNTP, 25 pmol each primer, 50 ng template plasmid (pTGFP+ or its non-fluorescent derivative), and 2.5 U PfuTurbo ® DNA polymerase (Stratagene) in a total volume of 50 µL. The plasmid pTGFP+ (approximately 3.4 kb) carried a GFP gene (8) in pTD-tacNd (6) . A set of oligonucleotide primers (pTD-fwd, 5′-AGCGGATAACAATTTCACACA-GG-3′, and pTD-rev, 5′-GTAAAAC-GACGGCCAGTGCC-3′) compatible with the flanking region of the GFP gene allowed amplification of the entire GFP sequence. Error-prone PCR was carried out in 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 0.01% (w/v) gelatin, 7 mM MgCl 2 , 0.4 mM MnCl 2 , 0.2 mM dATP, 0.2 mM dGTP, 1 mM dCTP, 1 mM dTTP, 25 pmol each primer (pTD-fwd and pTD-rev), 50 ng pTGFP+, and 2.5 U Taq2000 DNA polymerase (Stratagene) in a total volume of 50 µL. In both cases, the reaction mixtures were heated at 95°C for 1 min, followed by 25 cycles of incubation at 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and a final incubation at 72°C for 5 min. 
Whole Plasmid PCR and Treatment with DpnI
The reaction mixture contained 20 mM Tris-HCl, pH 8.8, 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 2 mM MgSO 4 , 0.1% Triton X-100, 0.1 mg/mL BSA, 0.2mM each dNTP, megaprimers, template plasmid, and 2.5 U PfuTurbo DNA polymerase in a total volume of 50 µL. The reaction was incubated at 68°C for 5 min and heated at 95°C for 1 min, followed by 18 cycles of incubation at 95°C for 30 s, 55°C for 30 s, and 68°C for 6 min. After the PCR, DpnI (1 µL, 20 U) was directly added to the mixture and incubated at 37°C for 1 h.
Library Construction and Screening
Competent E. coli JM109 cells (Toyobo, Tokyo, Japan) were transformed with a DpnI-treated mixture and grown on LB agar plates containing 100 µg/mL ampicillin. Colonies were picked up with a sterile toothpick and resuspended in a 96-well format microtube (Qiagen, Hilden, Germany) containing 1 mL LB medium, 100 µg/mL ampicillin, and 0.1 mM IPTG. Cells were grown at 37°C for 16 h with agitation at 1200 rpm by a model M . BR-024 incubating shaker (Taitec, Saitama, Japan). A 100-µL aliquot from each tube was transferred to a black bottom Falcon  96-well plate (BD Biociences, San Jose, CA, USA), and the fluorescence intensity was then measured at 509 nm (excitation wavelength, 488 nm) using a SPECTRAmax ® GEMINI fluorescence plate reader (Molecular Devices, Sunnyvale, CA, USA).
RESULTS AND DISCUSSION
Outline of the Method
The MEGAWHOP cloning method is illustrated in Figure 1 . A mutated gene fragment was prepared by random mutagenesis, using either a PCR-based (e.g., error-prone PCR, DNA shuffling, StEP recombination) procedure or a non-PCR based procedure (e.g., chemical mutagenesis) (step a). Fragments were then annealed to a template plasmid that was propagated in E. coli dam + strain (step b). Next, whole plasmid PCR amplification was carried out to synthesize a nicked circular plasmid (step c). Incorporation of new mutations during the long-range PCR was minimized by using a high-fidelity DNA polymerase, such as Pfu. The product was then treated with DpnI (step d). Because DpnI digests only dam-methylated DNA (target sequence: 5′-G m6 ATC-3′) (5), the template plasmid that was propagated in dam + strain was specifically digested. On the other hand, newly synthesized plasmid was tolerant, thereby allowing us to eliminate background template plasmid. The DpnI-treated mixture was then introduced into E. coli. After transformation, nicks in the newly synthesized plasmid were repaired in vivo (step e).
Non-Mutagenic PCR Library of GFP
To evaluate the fraction of mis-cloned species in a library, we applied the MEGAWHOP cloning method to clone a non-mutated active GFP gene. In this experiment, the GFP gene fragment to be cloned was prepared in PCR with PfuTurbo DNA polymerase. Whole plasmid PCR was carried out using the fragment as megaprimers and a non-fluorescent variant of GFP (having Val 120 to stop codon mutation) as a template plasmid. After the whole plasmid PCR, the product was treated with DpnI and introduced into E. coli cells. Colonies appearing on agar plates were screened for green fluorescence. Virtually all of the colonies (>99.9%) exhibited the same degree of green fluorescence as the Short Technical Reports parent colony, indicating correct cloning of the megaprimers into the vector. Restriction digestion of plasmids from 34 randomly picked clones also confirmed the existence of a single insert in each vector.
Factors Affecting the Yield of Transformants
Parameters that might affect the yield of transformants were varied to find the optimal conditions for creating large libraries. The parameters were (i) the concentration of the megaprimers, (ii) the concentration of the template plasmid, and (iii) the number of cycles. The yield of the DNA products was monitored using agarose gel electrophoresis (before and after whole plasmid PCR). After DpnI treatment, the same amount of reaction mixture (2 µL out of 51 µL) was used to transform 25 µL E. coli (transformation efficiency, approximately 10 7 /µg pUC18). One-third of the cells were spread over LB-ampicillin plates, and the number of transformants was counted.
Concentration of Megaprimers in Whole Plasmid PCR
Different
concentrations of megaprimers were prepared in PCR by changing the number of cycles (0, 5, 15, 25, and 35 cycles). Each PCR product and template plasmid was co-purified and used for whole plasmid PCR in a total volume of 25 µL. Figure 2a shows the yield of newly synthesized plasmid (left lane, before whole plasmid PCR; right lane, after whole plasmid PCR). As the concentration of megaprimers increased, the yield of synthesized plasmid increased. The reaction mixture was treated with DpnI, and 2 µL of the sample were used to transform E. coli. The number of transformants correlated with the band intensity on the electrophoresis, reaching a plateau at 25 cycles.
Concentration of Template Plasmid in Whole Plasmid PCR
The concentration of the template plasmid was varied (0.5, 5, 25, and 50 ng) while fixing the concentration of megaprimers (approximately 0.5 µg) and the number of cycles (25 cycles). The concentration of the synthesized plasmid increased with increase in concentration of template plasmid ( Figure  2b ). The number of transformants correlated with the band intensity on electrophoresis, reaching a plateau at a template concentration of 50 ng.
Number of Cycles in Whole Plasmid PCR
The number of cycles was changed (0, 12, 18, and 24) in the whole plasmid Short Technical Reports PCR while fixing the concentrations of the megaprimers (approximately 0.5 µg) and template plasmid (50 ng). The concentration of the synthesized plasmid increased with increase in the number of cycles (Figure 2c ). The number of transformants correlated with the band intensity on electrophoresis, giving a maximum yield at 24 cycles.
The maximum yield of transformants was obtained when 0.5 µg megaprimers and 50 ng template plasmid were used in 24 cycles of whole plasmid PCR. Under these conditions, transformation efficiencies of greater than 1 × 10 5 /µg megaprimers was obtained using 100 µL standard E. coli competent cells (approximately 10 7 /µg pUC18), with virtually all (>99.9%) of the screened clones containing a single insert. Although the efficiency dropped under suboptimal conditions, the proportion of unwanted species in a library did not increase. Therefore, if it is not necessary to obtain a large "megalibrary", then careful optimization of the reaction conditions is not necessary with MEGAWHOP, as it is with the ligation procedure.
Error-Prone PCR Library of GFP
Because the MEGAWHOP was highly reliable, we used it to create a random mutagenesis library of GFP. The random mutagenesis was carried out by error-prone PCR under a condition to generate an error frequency of 2-3 mutations/kb (7). Megaprimers were prepared by error-prone PCR with Taq DNA polymerase. Because the template plasmid used in error-prone PCR was reused in the subsequent whole plasmid PCR, the product and template were co-purified while primers removed in the same column (QIAquick ® ; Qiagen) without separation in an agarose gel. In addition, because the PCR product amplified with Taq DNA polymerase is known to have an extra nucleotide at the 3′-end (1, 3, 4) , the nucleotide has to be eliminated to avoid unintended mutations. Therefore, the Taq-amplified fragment was polished with PfuTurbo DNA polymerase using the 3′→5′ exonuclease activity. This was simply achieved by inserting a short incubation period (68°C for 5 min) before the whole plasmid PCR program. A total of 1152 colonies was randomly picked and screened for green fluorescence (Figure 3) . The two brightest colonies were selected, and DNA sequences were determined. One variant contained G11T and A496C base substitutions, which resulted in Gly 4 to Val and Lys 166 to Gln amino acid substitutions, respectively. The other variant contained A319G and T447A base substitutions, which resulted in Lys 107 to Gln and Asn 149 to Lys amino acid substitutions, respectively.
Advantages of the Present Method
MEGAWHOP has a number of advantages over other methods and has potential applications. First, this approach is quick and simple. This merit is maximized when one attempts to produce random mutagenesis libraries by error-prone PCR. When the backbone plasmid and template plasmid used for random mutagenesis are identical, there is no need to separate the template plasmid and the error-prone PCR products using tedious agarose gel electrophoresis. Second, the quality (i.e., cloning efficiency) of the library is highly independent of the reaction conditions. Therefore, it is possible to create libraries without monitoring intermediate steps, if the number of clones is not so critical. In addition, if one attempts to draw a "fitness landscape" of a random mutant library and to extract certain scientific information (such as mutation frequency and dead/alive ratio), then it is essential that each clone contain a single insert. Third, the procedure enables the DNA fragment to be cloned directly in the vector, independent of restriction enzyme sites. Because of this, one can modify any given gene segment of interest without being limited by the recognition sequence of restriction enzymes. This is particularly useful when modifying flanking sequences of a gene segment is not recommended. For example, one can specifically modify only a mature region of protease without affecting junctions between pro-and mature sequences. All these features of the MEGAWHOP cloning method are ideal for creating random mutagenesis libraries. So far, we have validated the method using megaprimer of 200 bp to 1 kb and template plasmid of 3.2-8 kb. This indicates that the method is quite flexible and useful for most common DNA cloning experiments.
